Abstract Groundwater plays a fundamental role in rainforest environments, as it is connected with rivers, lakes, and wetlands, and helps to support wildlife habitat during dry periods. Groundwater reservoirs are however excessively difficult to monitor, especially in large and remote areas. Using concepts from groundwater-surface water interactions and ENVISAT altimetry data, we evaluated the topography of the groundwater table during low-water periods in the alluvial plain of the central Amazon. The water levels are monitored using an unprecedented coverage of 491 altimetric stations over surface waters in the central Amazon. The groundwater table maps interpolated at spatial resolutions ranging from 50 to 100 km are consistent with groundwater wells data. They provide evidence of significant spatiotemporal organization at regional scale: heterogeneous flow from the hillslope toward the main rivers is observed, as well as strong memory effects and contrasted hydrological behaviors between the North and the South of the Amazon.
Introduction
The central Amazon region harbors the world's largest rainforest and impacts global climate through water, carbon, and energy exchanges [e.g., Richey et al., 2002] . Groundwater reserves are closely linked to this environment, as they store excess water during wet periods and sustain rivers, floodplains, wetlands, and related ecosystems during low-water periods [e.g., Lesack, 1993] . Groundwater contributes actively to the biogenic [e.g., Cullmann et al., 2006] and geochemical fluxes [e.g., Neu et al., 2011] across the Amazon and impedes water stress during dry periods through deep root uptake and hydraulic redistribution [e.g., Nepstad et al., 1994; Oliveira et al., 2005; Nepstad et al., 2007; Vourlitis et al., 2008] .
Field investigations report a shallow groundwater table in the central Amazon, slowly converging toward valley bottoms, which generates seasonal seepage in lower floodplains [e.g., Lesack, 1995; Lesack and Melack, 1995; Cullmann et al., 2006; Bonnet et al., 2008] and accounts for most of river discharge in headwater catchments [e.g., Hodnett et al., 1997a] . Strong memory effects are evidenced in groundwater systems, conveying climate anomalies for several years [e.g., Tomasella et al., 2008] . Recent modeling approaches coupling surface and groundwater dynamics confirm the occurrence of these mechanisms through the Amazon River basin, even though the scarcity of data limits the quality of model predictions [e.g., Fan and Miguez-Macho, 2010; Miguez-Macho and Fan, 2012] . In particular, critical data evaluating the spatial and temporal variability of the groundwater table level is still lacking in the central Amazon.
Our study aims to provide the first regional maps of the groundwater table during low-water periods in the central Amazon. Our method relies on the use of satellite altimetry data and on the field investigation driven by Lesack [1993] ; Lesack [1995] ; Lesack and Melack [1995] , Hodnett et al. [1997a Hodnett et al. [ , 1997b , and Cullmann et al. [2006] , who established that during low-water periods the water stage in rivers, lakes, and floodplains coincides with the groundwater level (Figure 1 ). Surface water stages provide therefore direct information about the groundwater level during low-water periods, which can be monitored by satellite altimetry [e.g., Alsdorf et al., 2001; Birkett et al., 2002; Alsdorf et al., 2007; Supporting Information:
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Materials and Methods
Our focus is to evaluate the topography of the groundwater table during low-water periods in the alluvial plain of the central Amazon region (Figure 2 ). Those lowlands (Figure 3a) , largely inundated during highwater periods ( Figure 2 ) [Hess et al., 2003] , are composed of alluvial deposits and of consolidated and unconsolidated sediments ( Figure 2 ) [IBGE, 1990] , with relatively homogeneous hydrogeological properties (see Gleeson et al. [2011] and Fan et al. [2013] for global maps of the groundwater properties). We defined the groundwater base level (GWBL) as the minimum water level at the closest river, lake, or floodplain connected to the alluvial aquifer ( Figure 1 ). During low-water periods (Figure 1a ), the residual bank storage received from floodwater infiltration becomes very low [Lesack, 1995] . Besides, the groundwater mounds formed from hillslope infiltration are small since the surface topography is very gentle (Figure 3a) . The GWBL interpolated between the surfaces water stages (Figure 1 , dashed line) provides thus a reasonable lower estimate of the groundwater table level during low-water periods in the central Amazon alluvial plain.
The ENVISAT altimetry data are used to estimate the elevations of surface water stages. Surface water heights are generated using the Virtual Altimetry Station software (VALS, 2011, version 1.06.07, available at http:// www.ore-hybam.org) for 593 virtual stations located at the intersections between the satellite groundtrack and the rivers, lakes, and floodplains exceeding 100 m in width (Figure 2 ), using the same method as Santos da Silva et al. [2010, 2012] . Heights are converted into altitudes using the Earth Gravitational Model EGM2008 [Pavlis et al., 2012] . Final altimetric time series span from late 2002 to mid-2009 with a temporal sampling of 35 days. The typical uncertainties of ENVISAT-derived water level time series, estimated by comparison with in situ gauges measurements located near the virtual stations, are less than 30 cm [Santos Da Silva et al., 2010] . In addition, the ENVISAT data should be corrected for a 1.04 ± 0.21 m bias [Calmant et al., 2013] . Subsequently, the elevations retrieved from the ENVISAT measurements can be considered to have a submetric uncertainty.
A selection process is then applied to the data. First, the virtual stations lying outside the alluvial plain are excluded from the data set. Second, the annual minima are selected in the time series of each virtual station, leading to at least six values at low water peaking between October and January each year. Third, the virtual stations, whose annual minima varied by less than 1 m during the 6 years of the study period were removed from the data set. Actually, during the 6 years of the study period, the central Amazon region experienced highly variable climatic conditions. We considered that if the ENVISAT water levels measurements did not vary significantly during this period, the low stages measurements were not reliable, presumably because that have been impacted by the emergence of islets, sand bars, land, or vegetation.
The GWBL maps are finally obtained using a natural neighbor interpolation [Sibson, 1981] between the 491 selected stations (on average, 6.11 stations per square degree), which provides smooth interpolated surfaces, tightly controlled by the original data points. Another interpolation technique was tested using additional a priori hydrological data, giving similar results at regional scale (supporting information Appendix S1). Slopes and flow directions are computed at the GWBL surface with the TopoToolbox developed by Schwanghart and Kuhn [2010] .
Results

Spatial Organization of the Average GWBL
The average GWBL ( Figure 3b ) is computed over the 6 years of the study period. The average GWBL is a smoothed replica of the surface topography: it varies from 3 to 87 m along an east-west gradient. solved by averaging the data at spatial resolutions of several tens of kilometers. Higher correlation coefficients (R > 0.6, p-value < 10
À3
) are indeed found when averaging groundwater table heights over regular grids with spatial resolutions ranging from 50 to 100 km (Figure 4 ; see scatter plots in supporting information Appendix S2). This correlation is further improved (R~0.86, p-value < 10 -3 ) when excluding the wells located in zone 1 (Figure 4 ). In this region (Figure 3b ), the value of the average GWBL relies solely on the interpolation between stations located on the Negro, the Uatumã, and the Amazon rivers and should thus be interpreted with caution. When excluding zone 1 and at 50 km resolution, the root mean square error (RMSE) is~16 m between the average GWBL and the groundwater table heights. Besides, the use of the SRTM 3′ DEM surface heights introduces errors in the groundwater height estimated at wells (RMSE = 13 m; see supporting information Appendix S2). Hence, it introduces noise in the comparison, which may account for a large part (> 80%) of the differences and the RMSE observed between both groundwater estimates. It could however not explain the bias observed between both groundwater estimates. Indeed, at the point scale, the average GWBL is found to be~11 m lower than the groundwater height estimated at wells (Figure 4 ). This may be because the average GWBL is evaluated during low-water periods, while the groundwater elevations estimated at wells do not relate to a specific time in the year. A bias of several meters can thus be expected over the whole study area. This effect should be uniform, or at least random, as it affects equally all virtual altimetry stations. Hence, it will have little effect on the estimate of gravity-driven groundwater flow (Figure 3c ). In addition, due to the spatial sampling of the altimetry stations, groundwater mounds formed under topographic highs may not be detected at scales smaller than 50-100 km. This effect should however not affect regional features of the groundwater table topography. These results confirmed that the average GWBL is a lower estimate of the groundwater table height, valid at regional scale (larger than 50 km), during low-water periods, for relatively flat areas reasonably covered by virtual stations. The average GWBL forms a continuous and connected drainage structure similar to the surface drainage network (Figure 3c ). The gravitational flow computed at the GWBL surface is directed from the hillslope toward the main rivers and diverges at the main basin boundaries, except for the lower third of the Amazon region and for some of the tributary basins feeding the main tributaries of the Amazon (e.g., the Branco). The gravitational part of the GWBL flow is subjected to strong variations in amplitude proportional to the average GWBL slope ranging from 0.1 to 80 cm/km. The average GWBL flow is the highest at the west of the study area and decreases by 2 orders of magnitude in the lower third regions, which is consistent with the predominance of kinetic flow over gravitational flow in this area [Molinier et al., 1996] . Along the main rivers, the average GWBL slope does not exceed a few centimeters per kilometer (supporting information Figure S1 ), in agreement with the surface water gradients evaluated by Birkett et al. [2002] . Besides, the slope values at the average GWBL are consistent with in situ observations of the groundwater table [e.g., Lesack, 1995; Cullmann et al., 2006] . Similar patterns are observed each year, because the temporal variations in the GWBL are small (± 5 m; Figure 5 ) compared with its average spatial variations (75 m; Figure 3b ).
Temporal Variations of the GWBL
From altimetry-derived water level time series, six annual minima are identified for each virtual station and used to evaluate the deviation from the average GWBL (i.e., the difference between a particular year and the 6 year average; Figure 4) . The most striking feature is the reduction in the GWBL observed during the 2005 drought, which is particularly strong (4 m less than the average) along the Amazon and Solimões. In the northern regions, the GWBL is higher in 2005 than in the 6 year average. After the 2005 drought, the GWBL slowly rises from the north to the south. The GWBL recovers to its average value between 2007 and 2008, which suggested strong memory effects across the central Amazon. Further details concerning the temporal variations of the GWBL are given in Appendix S3 (supporting information).
Discussion
The spatial patterns evidenced in the average GWBL are consistent with in situ observations of the groundwater table averaged over a 50 km resolution grid. Field investigations [e.g., Lesack, 1993; Lesack, 1995; Lesack and Melack, 1995; Hodnett et al., 1997a Hodnett et al., , 1997b Cullmann et al., 2006] also report that groundwater sustains the main rivers during low-water periods. These punctual observations are supported at basin scale by hydrological models [e.g., Miguez-Macho and Fan, 2012] and now at regional scale by altimeter-derived maps, showing GWBL flow convergence toward the main rivers (Figure 3c ). For some tributaries, the surface basin boundaries are crossed by the GWBL flow. This can largely be attributed to the spatial sampling of the altimetry stations, which is insufficient to fully recover local-scale hydrological features. The predominance of kinetic flow over gravitational flow in the lower third of the Amazon region [Molinier et al., 1996] should also be considered, as well as potential interbasin groundwater flow [e.g., Généreux and Jordan, 2006; Schaller and Fan, 2009] , which could be due to relatively recent fluvial capture in the Amazon basin [Almeida-Filho and Miranda, 2007; Rossetti and Valeriano, 2007] .
Time-variable GWBL maps are consistent with the hydroclimatology of the Amazon. They illustrate the sensitivity of the groundwater table to extreme climatic events. A major drought, related to an anomalous northward position of Inter Tropical Convergence Zone, struck the Amazon in 2005 [e.g., Marengo et al., 2008a; Zeng et al., 2008] . Surface waters were strongly impacted along the Amazon mainstem [e.g., Tomasella et al., 2011] , as well as in the southern and western regions of the Amazon [e.g., Frappart et al., 2012] , while wet conditions prevailed in the northeastern Amazon [e.g., Marengo et al., 2008b] . Similarly, the groundwater table decreased by several meters during the 2005 drought, especially along the mainstem and in southern Amazon, while it rose in northeastern Amazon (Figure 4 ). This behavior is consistent with the minimum of the total water storage anomaly derived from Gravity Recovery And Climate Experiment data over the Amazon basin [Frappart et al., 2013] . In situ observations reveal strong memory effects in groundwater systems at local scale in Amazonia [Tomasella et al., 2008] . Annual GWBL maps (Figure 4) show that groundwater conveys the 2005 anomaly until 2008 for all the regions affected by the drought. This memory effect is doubled edged, as groundwater sustains stream flow and evaporation during dry periods, and may have an effect on rainfall deficit persistence [e.g., Bierkens and van den Hurk, 2007] . The dynamics of groundwater systems should thus be better considered when attempting to close the water balance in hydrological and atmospheric models for the Amazon basin.
Conclusions and Perspectives
Satellite radar altimetry offers a unique opportunity to monitor continental surface waters with full coverage and timely distribution across large river basins. We define 491 ENVISAT virtual stations in the central Amazon, leading to an unprecedented spatial coverage of the rivers, lakes, and floodplains stage variations at this scale. Assuming that the minima of the surface water stages coincide with the base level of the groundwater table, we provide the first maps of the GWBL across the central Amazon based on altimetry data. These were consistent with groundwater table elevations evaluated at 1540 wells, averaged over a 50 km resolution grid. Although local-scale features may not be adequately resolved, the GWBL maps provide valuable insight on the general hydrological behavior of the central Amazon:
1. During low-water periods, the groundwater table exhibits a strong spatial heterogeneity but forms a connected drainage structure mainly driven by the surface topography. The gravitational GWBL flow converges from the hillslope toward the main rivers and becomes negligible in the lower third of the central Amazon. 2. During the 2005 drought, the GWBL exhibits a contrasted behavior in the northern and southern parts of the Amazon. The GWBL rose in the north of 1.5°S when it decreased elsewhere in the central Amazon region. In 2006, the GWBL begins to rise again from the north to the south. It remains however lower than average for several years, which suggests strong memory effects at regional scale across the central Amazon.
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